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Abstract. The canopy height h of forests is a key vari-
able which can be obtained using air- or spaceborne remote
sensing techniques such as radar interferometry or LIDAR.
If new allometric relationships between canopy height and
the biomass stored in the vegetation can be established this
would offer the possibility for a global monitoring of the
above-ground carbon content on land. In the absence of
adequate ﬁeld data we use simulation results of a tropical
rain forest growth model to propose what degree of infor-
mation might be generated from canopy height and thus to
enable ground-truthing of potential future satellite observa-
tions. We here analyse the correlation between canopy height
in a tropical rain forest with other structural characteristics,
such as above-ground life biomass (AGB) (and thus carbon
content of vegetation) and leaf area index (LAI) and identify
how correlation and uncertainty vary for two different spatial
scales. Theprocess-basedforestgrowthmodel FORMIND2.0
was applied to simulate (a) undisturbed forest growth and
(b) a wide range of possible disturbance regimes typically
for local tree logging conditions for a tropical rain forest site
on Borneo (Sabah, Malaysia) in South-East Asia. In both
undisturbed and disturbed forests AGB can be expressed as
a power-law function of canopy height h (AGB = a·hb) with
an r2 ∼60% if data are analysed in a spatial resolution of
20m × 20m (0.04ha, also called plot size). The correlation
coefﬁcient of the regression is becoming signiﬁcant better
in the disturbed forest sites (r2 =91%) if data are analysed
hectare wide. There seems to exist no functional dependency
between LAI and canopy height, but there is also a linear cor-
relation (r2 ∼ 60%) between AGB and the area fraction of
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gaps in which the canopy is highly disturbed. A reasonable
agreement of our results with observations is obtained from
a comparison of the simulations with permanent sampling
plot (PSP) data from the same region and with the large-scale
forest inventory in Lambir. We conclude that the spaceborne
remote sensing techniques such as LIDAR and radar interfer-
ometry have the potential to quantify the carbon contained in
the vegetation, although this calculation contains due to the
heterogeneity of the forest landscape structural uncertainties
which restrict future applications to spatial averages of about
one hectare in size. The uncertainties in AGB for a given
canopy height are here 20−40% (95% conﬁdence level) cor-
responding to a standard deviation of less than ±10%. This
uncertaintyonthe1ha-scaleismuchsmallerthanintheanal-
ysis of 0.04 ha-scale data. At this small scale (0.04ha) AGB
can only be calculated out of canopy height with an uncer-
tainty which is at least of the magnitude of the signal itself
due to the natural spatial heterogeneity of these forests.
1 Introduction
Tropical forests contain about 50% of the carbon stored
in the vegetation worldwide (Sabine et al., 2004). Car-
bon emissions from tropical deforestation are with about
1.5 Pg C yr−1 (years 2000–2007) responsible for 16% of
the total anthropogenic carbon emissions (Global-Carbon-
Project, 2008). The carbon ﬂux from deforestation in South-
East Asia was estimated in 2007 with 0.6 Pg C yr−1 to be
as large as that from Latin America (Canadell et al., 2007;
Global-Carbon-Project, 2008). These carbon ﬂuxes have es-
timated uncertainties of around 50% and they are within the
global carbon cycle those which are by far the most uncertain
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ones (Le Qu´ er´ e et al., 2009). For balancing the global car-
bon budget in higher accuracy than today, also of interest
for Reducing Emissions from Deforestation and Degrada-
tion (REDD) within the United Nations Framework Conven-
tion on Climate Change (UNFCCC), it is therefore necessary
to reduce the uncertainties contained in the land-atmosphere
carbon ﬂuxes.
Our knowledge of the amount of carbon stored in tropi-
cal forests is incomplete, but steadily increasing. From tree
allometry it is now known that above-ground life biomass
AGB (and thus carbon contained in the vegetation) might
be calculated best out of trunk diameter or basal area of
trees (Chave et al., 2005; Slik et al., 2010). Other variables,
such as wood density, are of minor importance (Chave et al.,
2005). However, allometric relations between the integrat-
ing variables canopy height and standing above-ground life
biomass for tropical rain forests are so far missing. Biomass
estimates and changes in carbon allocation were calculated
from ground measurements for various different areas (e.g.
Chave et al., 2003, 2008; Arag˜ ao et al., 2009; Lewis et al.,
2009; Slik et al., 2010). These estimates are restricted to se-
lected research plots and a spatially complete coverage is still
lacking.
To overcome the uncertainty in our knowledge of carbon
stored in vegetation and to monitor future changes space-
borne remote sensing techniques such as LIDAR or radar in-
terferometry seems to be one of the possible solutions. Var-
ious studies used remote sensing for forest characterisation
(e.g. Garrigues et al., 2008; Anderson et al., 2009; Bergen
et al., 2009; Potter et al., 2009; Frolking et al., 2009; Haw-
baker et al., 2009; Dubayah et al., 2010) and ﬁrst approaches
to extend the plot data on AGB to larger regions exist for
the Amazon (e.g. Malhi et al., 2006; Saatchi et al., 2007).
For a temperate forest a combination of optical remote sens-
ing to provide the vegetation type together with LIDAR pro-
vides even better estimates of AGB than LIDAR alone (Ni-
Meister et al., 2010). The lack of data especially for tropi-
cal forests in Africa and South-East Asia might be improved
by future satellite mission for spaceborne remote sensing of
the environment which are now underway (e.g. TANDEM-
L or DESDynI (http://desdyni.jpl.nasa.gov) (Frolking et al.,
2009; Moreira et al., 2009; Hurtt et al., 2010)). These mis-
sions plan to make frequent remeasuring of standing vegeta-
tion feasible. Interpretation of the spaceborne data on land
carbon stocks is needed, not only from the scientiﬁc point of
view, but also within practical carbon management options
mentioned in UNFCCC and REDD. Houghton et al. (2009)
laid out the required speciﬁcations for these and other fu-
ture satellite missions to signiﬁcantly reduce the nowadays
existing uncertainties. They claimed, that in order to reduce
the uncertainty in the land-atmosphere ﬂuxes to those of the
next uncertain term (which is the net carbon uptake of the
ocean with an uncertainty of ±18%) a measurement error of
less than 2MgC (or an AGB uncertainty of about 4tons or-
ganic dry matter, abbreviated t in the following) per ha over
25ha is required. It is furthermore argued, that deforestation
is patchy on spatial scales of 100m and less and only if re-
mote sensing is operating on a similar scale, one can clearly
identify changes in carbon storage over time and minimise
sampling errors due to averaging.
One crucial aspect of remote sensing estimates of vegeta-
tion parameters, however, is the validation against reference
measurements, so-called ground-truthing. Remote sensing
by LIDAR or radar interferometry nowadays accurately de-
scribes, for example, the height of the canopy in various dif-
ferent forest types in temperate and tropical regions (e.g. Lef-
sky et al., 2002, 2005; Balzter et al., 2007; Hajnsek et al.,
2009). To be able to calculate other parameters of the forest
(e.g. carbon content) out of the canopy height some well jus-
tiﬁedassumptionsneedtobemade. Inotherwordssomenew
or modiﬁed allometric relationships between canopy height
and other structural parameters need to be established. It
would therefore be of interest to compare forest inventory
data of plots of similar size as the footprint of the satellite
with results from remote sensing techniques. This attempt
is especially difﬁcult in tropical forest with only about ten
globallydistributedlargeresearchplotsof50hainsize(Con-
dit, 1995), although the amount and distribution of ﬁeld sites
was signiﬁcantly increased during the last years, e.g. in the
Amazon (Malhi et al., 2006) or on Borneo (Slik et al., 2009,
2010).
The attempt of this study is to use in the light of restricted
ﬁeld inventories in the tropics the results of a process-based
tropical forest growth model to analyse allometric relation-
ships between canopy height h, a major forest variable mea-
surable from spaceborne remote sensing techniques such as
LIDAR and radar interferometry, and of AGB and leaf area
index (LAI), both variables of interest in the research of the
carbon cycle and of vegetation dynamics. Accuracy and un-
certainties in the calculation of the canopy height during re-
mote sensing are not discussed in detail here, but see Ha-
jnsek et al. (2009). We show from simulations covering the
range of disturbances typically found in tropical rain forests
in Borneo, how accurate AGB (and thus the carbon con-
tent of the vegetation) and LAI can be determined, once the
canopy height is known. One speciﬁc objective is to in-
vestigate how the accuracy of the correlation of these vari-
ables alters if data are analysed on different spatial scales.
The analysis is therefore performed on (i) a forest plot level
of 20m×20m (0.04ha), representative of the crown size of
emergent trees in the study area and of the achievable spa-
tial resolution of spaceborne remote sensing conﬁgurations
(Frolking et al., 2009), and (ii) for larger areas of one hectare
(1ha). The ha-wide averages furthermore enable us to calcu-
late relationships between the degree of canopy disturbance
and AGB. Simulation results are ﬁnally compared with ﬁeld
data from disturbed and undisturbed forests in Borneo. Our
analysis should be understood as a case study for a typical
tropical rain forest site in South-East Asia and should high-
light which degree of information on AGB and LAI might be
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achieved from remote sensing techniques using LIDAR and
radar interferometry. While results would certainly differ in
detail for other tropical forest sites, the general intrinsic un-
certainty of biomass calculations based on canopy height and
the role of the spatial scale of the remote sensing approach
highlighted here are of general importance.
2 Methods
2.1 Description of the model
We used the individual-oriented process-based forest growth
model FORMIND (K¨ ohler and Huth, 1998) in its updated
version FORMIND2.0 (K¨ ohler, 2000) to simulate the for-
est dynamics of an uneven-aged mixed tropical rain for-
est. The model has been proven suitable to simulate a
wide range of forest sites on Borneo (Sabah) (K¨ ohler et al.,
2001), Venezuela(Kammesheidtetal.,2001), FrenchGuiana
(K¨ ohler et al., 2003), Mexico (R¨ uger et al., 2008), Brazil
(Groeneveld et al., 2009) and Ecuador (Dislich et al., 2009).
The site-speciﬁc model adaptation and parametrisation to a
dipterocarp tropical rain forest in Borneo (Sabah) as used
here were published elsewhere (Huth et al., 2004, 2005;
K¨ ohler and Huth, 2004). Here, the model is used in exactly
the same conﬁguration as in these three applications. The
model was also used in an extended version for the analysis
of tree species richness in Sabah depending on disturbance
and recruitment limitation (K¨ ohler and Huth, 2007).
The model describes forest dynamics as a mosaic of inter-
acting forest patches. These patches have the same spatial
dimensions as the typical crown size of emergent trees in
our observation area (20m×20m). This also implies that the
spatial resolution possible with FORMIND2.0 is similar to
that of remote sensing estimates (Frolking et al., 2009; Ha-
jnsek et al., 2009). Finer spatial-scale features are not cov-
ered by the model. Within these patches trees are not spa-
tially explicitly distributed, and thus all compete for light and
space following the gap model approach (Botkin, 1993). Al-
lometric relationships connect the above-ground life biomass
of a tree with its stem diameter, the tree height, the bole vol-
ume and the crown dimensions. Using these relationships,
the distribution of individual tree crowns and their leaf area
in the canopy is calculated in horizontal canopy layers with a
discretisation of 0.5m. The model operates with the concep-
tual time step of one year.
The growth of an individual tree is based on a carbon bal-
ance. Calculations include the photosynthesis of the trees
and assimilate losses due to respiration, litter-fall and ﬁne
root decay. Within a patch, vertical light attenuation in the
canopy is calculated from light intensity above the canopy
with respect to the absorption of tree crowns. The depen-
dence of speciﬁc photosynthetic productivity on irradiance
is modelled using a Michaelis-Menten-type light response
curve. Photosynthetic production is calculated from the
tree’s leaf area. We assume an increasing limitation effect
of water transport deﬁciencies with increasing tree height.
Thus, actual productivity is calculated by applying a size-
dependent limitation factor. Assimilation losses are esti-
mated in relation to tree biomass. We distinguish between
biomass-dependent maintenance respiration and growth res-
piration. Tree growth is calculated in annual time steps.
Competitionismodelledintermsofcompetitionforlightand
space, the latter resulting in self-thinning. Mortality is mod-
elled as a stochastic event. Trees die with a certain group-
speciﬁc probability. Of all dying trees 40% collapse and
knock down smaller trees in neighbouring patches and cre-
ate gaps of a size depending upon their crown size. Recruit-
ment takes into account the production and explicit dispersal
of individual seeds produced by local mother trees. We as-
sume constant seed input rates which is correlated with the
reproductive success at minimum diameter of 1 cm. Thus,
the seed production rate lumps together several regenera-
tion stages: fecundity, seed survival, germination and pos-
sible predation upon young seedlings. Incoming seeds up-
date a seed pool, taking into account the dormancy variability
across functional groups.
We took an undisturbed, primary forest stand (P1) for
our stand initialisation from a research inventory in the De-
ramakot Forest Reserve (DFR) in Sabah (North Borneo,
Malaysia, 117◦300 E, 5◦250 N, 130–300ma.s.l.) (Schlensog,
1997). Deramakot has a per-humid climate typical of the
inner tropics. The mean annual temperature is 27 ◦C with
little seasonal variation. The average annual precipitation is
about 3500mm, with no pronounced dry season. The ge-
ology of Deramakot is characterised by tertiary sediments,
mostly sandstone. The soils are low in nutrients and prone to
erosion once left devoid of tree cover. The prevailing forest
type is lowland dipterocarp forest.
The shrub and tree species found in DFR (total number:
468 species) are assigned to 13 different plant functional
types (PFT) based on their successional status and maximum
height at maturity (K¨ ohler et al., 2000). The successional
status (early, mid, or late) is determined by their growth rates
under various light regimes, as well as through a survey of
wood densities, which are good indicators of growth rates
for most species. In FORMIND2.0 thus the life-cycle of indi-
vidual trees belonging to one of the 13 PFT is calculated.
2.2 Simulated scenarios
Besides the simulation of the evolution of the undisturbed
dipterocarp forest (P1) for 400yr as reference case, we sim-
ulated a large number of typical logging scenarios for this
region (in total 24 different scenarios, Table 1). The scenar-
ios differ in the logging method responsible for the amount
of damage caused in the residual forest stand, logging cy-
cle (time period between two logging events), and cutting
limit dmin (only trees with a diameter above the cutting limit
are logged). The size of the simulated forest area was kept
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Table 1. Simulation scenarios. Undisturbed site P1 or different logging scenarios with disturbed forests.
Scenario Logging Logging Cutting Simulation Area Plots runs tree
method cycle limit period T A n density
(yr) (cm) (yr) (ha) (400m2) (1/ha)
P1 (undisturbed) – – – 400 100 2500 1 2795
Logging (disturbed) RIL, CON 20, 40, 60, 80 40, 50, 60 240 100 2500 24 3202
constant at 100ha and we assumed the boundary conditions
to be periodic. The length of simulation in the logging sce-
narios was 240yr.
Our modelling of logging methods was motivated by sev-
eral studies, but see references and more details in Huth et al.
(2004, 2005). We distinguish two methods: highly damag-
ing conventional logging (CON), which generally uses heavy
machinery and unskilled workers, but little planning, and
reduced-impact logging (RIL), where substantial planning
for road construction, felling directions etc. is performed. In
RIL, tree removal usually implies the use of winching ca-
bles or airborne cable systems. The differences modelled
between the two methods represent the logging impact on
the residual stand. The time between two logging opera-
tions was constant, but differed between the scenarios (20,
40, 60, 80 years). All commercial trees of the mid- and late-
successional species above the cutting limit (dmin = 40, 50,
60cm) were removed in a logging operation.
The simulated forests were analysed over the whole sim-
ulated area A (in ha) over the whole simulation periods T
(in yr) with outputs produced every year including one initial
output at t = 0 yr. Thus, we can rely for every simulation
on (T +1)×A data sets of ha-wide mean averages and on
(T +1)×A×25 on detailed 0.04ha plot-related informa-
tion. These are 40100 (ha) and 1002500 (0.04 ha) data sets
for the 400yr runs of undisturbed simulation P1. The 24 log-
ging scenarios contain 578000 (ha) and 14460000 (0.04ha)
data sets. On average, the simulated undisturbed and dis-
turbed forests contained 2795 and 3202 trees per hectare, re-
spectively.
In the simulated forests we analysed at different spatial
scales (0.04 or 1ha) the relationship between (a) canopy
height h and AGB and (b) canopy height h and LAI. Canopy
height is deﬁned as the height of largest tree on the plot scale
(0.04ha), and as the mean height of the largest trees of the 25
individual plots of each ha on the 1ha-scale. Additionally, at
the 1ha-scale the relationship between the gap fraction and
AGB is analysed. Gap fraction is here deﬁned as the fraction
of the simulated forest area with a canopy height h below
25m.
2.3 Permanent sampling plots data from Sabah and
large-scale ﬁeld inventory from Lambir
The data from PSPs, with which we compared our simula-
tion results, were collected in ﬁve different forest reserves
in Sabah, Malaysia between 1973 and 1993. The data are
described and analysed in K¨ ohler et al. (2001). PSPs are
between 1 and 11ha large, contain more than 12000 trees,
which were sampled between 9 and 20 years in intervals of 1
to 5 years. All plots were regrowing forests in which during
their ﬁrst inventory the last logging event was 8 to 45 years
ago. The PSP data therefore cover forest regrowth 8 to 54
years after disturbance. The data consist of repeated mea-
surements of diameter at breast height (dbh). AGB is calcu-
lated out of dbh with the allometric relationship and species
grouping embedded in FORMIND2.0.
The large-scale (52ha) ﬁeld inventory at Lambir covers
one initial sampling of biomass per 0.04ha plot (Yamakura
et al., 1996). This forest is believed to be largely undisturbed
by anthropogenic activities and might therefore be a repre-
sentative for an undisturbed rain forest site on Borneo. How-
ever, please note, that the parametrisation of our model was
not optimised for Lambir (Sarawak, Borneo), and differences
in detail are therefore expected. The Lambir data set is nev-
ertheless the largest forest inventory in South-East Asia com-
parable to the undisturbed dipterocarp forest in DFR used for
parametrisation and initialisation of our simulation. How-
ever, besides the biomass distribution data used here other
raw data were not available to us.
3 Results
3.1 Undisturbed tropical rain forest
In the simulation of undisturbed tropical rain forest only nat-
ural gap creation by falling large trees occurs, neither an-
thropogenic tree extraction nor external disturbances, such
as storms, are considered. These simulations are potential
representations of forest development (potential natural veg-
etation dynamics) in the remote interior of Borneo.
If analysed on the forest plot level (0.04ha) AGB can be
predicted from canopy height h using a power-law function
AGB = a · hb (Zianis and Mencuccini, 2004; Chave et al.,
Biogeosciences, 7, 2531–2543, 2010 www.biogeosciences.net/7/2531/2010/P. K¨ ohler and A. Huth: Ground-truthing of spaceborne AGB estimates in tropical rain forests 2535
Fig. 1. Relation between above-ground life biomass (AGB) and canopy height (h) for the undisturbed forest (site P1). (A) Data on 0.04ha-
scale (grey to black) (red: 1ha-scale for comparison) are plotted together with a power-law regression function. Due to the huge number of
data points in the scatter plot of the 0.04ha-scale (more than 1000000) the grey-scale indicates the density of the data points with highest
densities in black. Normalised density of (B) AGB and of (C) h for both spatial scales. Legend in C as in B. (D) Relative uncertainty (4
σ/mean) of the 95% conﬁdence interval, dotted horizontal line marks unity.
2005) with an r2 = 61.4% (Fig. 1a). Linear or quadratic
function are with a correlation coefﬁcient of 58.9% and
60.8%, respectively, only slightly worse than the power-
law equation. The frequency maxima in AGB and h are at
485t/ha and 41m, respectively (Fig. 1b, c). The spread in
AGB data for a given canopy height is large. The relative
uncertainty on the 95% conﬁdence interval (4 σ/mean) is
larger than 100% for trees smaller than 26m and generally
larger than 200% for h smaller than 12m (Fig. 1d). The rela-
tive uncertainty is with 80–85% stable for canopy heights be-
tween 30 and 45m and declines towards 20% for plots with
canopy heights of 50m. The decline in relative uncertainty
for canopies larger than 45m might be caused by the low
samplesize. Onlyveryfewtreespecies, orPFTs, cangrowto
such heights, thus reducing the variability. To summarise, the
variability of biomass growth underneath the largest growing
tree within a plot is in tropical rain forests huge and a simple
back calculation without additional information from canopy
height to standing stock at this scale is ambiguous.
In the 1ha-scale analysis regressions between AGB and h
are with r2 = 58% of similar quality than for the plot-size
(0.04ha-scale) (Fig. 2). However, uncertainties in the pre-
diction of AGB as functions of h are much smaller. Canopy
height, now represented as ha-wide averages, varied only be-
tween 35 and 42m, the relative uncertainty was stable at
18–20% throughout the range of h (95% conﬁdence level).
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Fig. 2. Relation between above-ground life biomass (AGB) and canopy height (h) in 1ha-scale analysis for the undisturbed forest (site P1),
including power-law regression function. Relative uncertainty (4σ/mean) of the 95% conﬁdence level plotted on right y-axis.
If compared with the plot level the frequency maxima are
shifted towards higher AGB (545t/ha) and smaller canopies
h (39m) (Fig. 1b, c).
As large-scale inventories of undisturbed forest sites are
lacking in Sabah we restrict the comparison of simulation
results to the large-scale inventory of the Lambir forest re-
serve in the Malaysian province Sarawak on Borneo. In the
biomass distribution of the 1ha-scale from the 52ha inven-
toryinLambir(Yamakuraetal.,1996)thefrequencymaxima
of 541t/ha is very close to 545t/ha of our undisturbed forest
simulations P1 (Fig. 3). The distribution is wider for Lam-
bir in both spatial scales, probably due to the sampling size
which was nearly three orders of magnitude smaller in the
ﬁeld data (n = 40100 or 52ha for simulations and Lambir,
respectively). This comparison is therefore restricted, but it
shows that the biomass distribution of the simulated rain for-
est is within the range seen in real forest inventories, and
strongly depends on the spatial scale.
3.2 Logged (disturbed) tropical rain forest
For the logged forests some interesting patterns emerged.
The number of forest plots with large canopy heights is
strongly reduced. The fraction of plots containing emergent
trees with heights above 36m is nearly halved (from 75% in
undisturbed forests to 39% in logged forests). The maximum
in the AGB distribution in the plot (0.04ha) scale is shifted
from 500t/ha in the undisturbed to 300 t/ha in the disturbed
forests (Fig. 4b). Similarly, canopy height is reduced from
a maximum in the distribution at 42m to 37m (Fig. 4c). In
the PSPs the distribution is shifted to even smaller canopies
(maximum at ∼30m height) with less biomass (maximum
∼100t/ha). This indicates, that the PSP data do not cover
the same range as the simulated disturbed forests, but are bi-
ased towards smaller, heavier disturbed sites. This bias is
based on the fact, that the PSP data are restricted to 8–54
years after tree extraction. They are thus not representative
for disturbed forest dynamics with long cutting cycles (60–
80 years), although these conditions are found in 50% of our
logging scenarios.
On the 0.04ha-scale regressions are with an r2 of about
60% of similar quality for undisturbed and disturbed forests
simulations as well as for the PSP data, although the power-
law equations differ in detail (Fig. 4a, Table 2). The relative
uncertainty on the 95% conﬁdence level is slightly worse for
the disturbed forests and the PSP data than for the undis-
turbed site P1, but both repeat the general pattern of the
undisturbed forests (Fig. 4d).
On the larger spatial scale of ha-averages the power-law
regression equation leads in the disturbed forest simulations
as well as in the PSP data to signiﬁcantly better agreement
with the underlying data (r2 = 90 and 91%, respectively)
than in the undisturbed simulations (58%) (Fig. 5a). One can
clearly identify in the scatter plot of AGB over h (Fig. 5a),
that the undisturbed simulations are only a subsample at the
upper end of the disturbed forest simulations. Furthermore,
the PSP data represent the lower range of the disturbed for-
est simulations. The scatter of disturbed forest data points
for AGB<200t/ha and canopy height h ∼ 32m (Fig. 5a)
is caused by the appearance of pioneer PFT after logging
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Fig. 3. Comparison of the normalised frequency distribution of above-ground life biomass for (A) undisturbed forests (site P1) with (B)
ﬁeld data from the large-scale inventory of 52ha in Lambir, Sarawak, Malaysia (Yamakura et al., 1996) for both 0.04 and 1ha-scale. P1
simulations were already plotted in Fig. 1b. P1 simulations cover 100ha with annual output over 400yr (n=40100), while the Lambir ﬁeld
data cover one inventory over 52ha (n=52). The larger data ensemble of the simulations therefore enable a ﬁner discretisation of AGB than
the Lambir ﬁeld data (1(AGB) = 10 and 100t/ha, respectively).
Table 2. Regression functions between above-ground life biomass (per plot or as ha-mean) and maximum height of trees or gap fraction
(gap: maximum height of plot <25m) of site for undisturbed site P1 or average over all 24 logging scenarios. All regressions are signiﬁcant
(P <0.01).
Relation
y : AGBplot (t/ha) AGBha (t/ha) AGBha (t/ha)
x : h (m) ¯ h (m) gap (%)
Scenario Function r2 Function r2 Function r2
P1 (undisturbed) y =0.15·x2.23 61.4% y =0.52·x1.89 58.1% y =548-7.13·x 1.7%
Logging (disturbed) y =0.44·x1.89 58.0% y =0.07·x2.42 90.6% y =394-4.95·x 58.3%
operations. They dominate the plots for some years, before
in the secondary successions other PFTs take over. How-
ever, because of their low wood densities these pioneers
are rather unimportant for the calculation of mean above-
ground life biomass. The relative uncertainty at the 95%
conﬁdence level is larger than 40% in the disturbed forests
for canopies smaller than 25m, and between 20 and 40% for
larger canopies and throughout the PSP data set (Fig. 5b).
There is no signiﬁcant correlation between LAI and
canopy height (r2 < 5%), neither in the undisturbed nor
in the disturbed forest simulations, neither on the smaller
0.04ha-scale (Fig. 6a) nor on the large 1 ha-scale (Fig. 6b).
Again, PSP data are on the lower end of the range of the
simulated data.
A linear relationship with an r2 of 58% can be obtained
from the 1ha-scale analysis of AGB as function of gap frac-
tion (Fig. 7a). Here, gaps are deﬁned as 20m × 20m plots
with a canopy height below 25m. In all logging simulations
there are areas with low gap fraction (typically <15%) and
with high gap fraction (around 25% for reduced-impact log-
ging RIL, and above 40% for conventional logging CON),
the range in-between is somehow not covered at all (Fig. 7b).
This might be understood as the following: The high gap
fractions are a direct result of the logging operations. Di-
rectly after logging the fast growing pioneer PFT grow ﬁrst
in these highly disturbed gap areas, and below them other
trees species get established. Because logging disturbed the
whole simulation area at the same time the closure of the for-
est canopy last as long as the growing of these pioneer trees
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Fig. 4. Regression lines of above-ground life biomass (AGB) and canopy height (h) in 0.04ha-scale composition for the undisturbed forest
(site P1), for disturbed forests (all 24 logging scenarios), and for permanent sampling plot data (PSP). The scatter plot of undisturbed (see
Fig. 1) and disturbed forests are indistinguishable due to overlap and the data from the undisturbed site P1 are therefore omitted. Due to
the huge number of data points in the scatter plot of the 0.04ha-scale (more than 14000000) the grey-scale indicates the density of the data
points with highest densities in black. Normalised density of (B) AGB and of (C) h and relative uncertainty (D) on the 95% conﬁdence level
(4σ/mean) are plotted for disturbed and undisturbed forest and PSP data, legend as on (A).
to 25m height (threshold of the deﬁnition of a forest gap),
and will thus happen more or less simultaneously in all plots
which were disturbed by the logging operation. Each distur-
bance regime produces its own typical pattern in a AGB-gap
fraction diagram (Fig. 7b). This is a ﬁrst indication that such
patterns might be detectable by remote sensing in the future
todistinguishdifferentdisturbanceregimesintropicalforests
from air- and spaceborne observations.
4 Discussion and conclusions
To reduce the uncertainties in our knowledge of the carbon
cycle a global coverage of the terrestrial carbon storage is a
desirable target, for which spaceborne remote sensing tech-
niques have to be applied. Repeated annual measurements
could thus identify large sources and sinks of carbon due
to large-scale deforestation or reforestation programs which
might be performed within the framework of REDD.
Within this effort a knowledge of the uncertainties and
at best their minimisation is crucial to determine whether
or not new approaches might improve our knowledge of
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Fig. 5. (A) Above-ground life biomass (AGB) and canopy height (h) in 1ha-scale composition for the undisturbed site P1 (red), for disturbed
forests in all 24 logging scenarios) (green), and for permanent sampling plot data (PSP, blue). (B) Relative uncertainty on the 95% conﬁdence
level (4σ/mean), legend as in (A).
the terrestrial carbon storage and its variability over time.
It was already shown, how error propagates in inventory-
based biomass estimates in tropical forests, in which AGB is
typically derived from allometric relationship with the stem
diameter of individual trees and only seldomly measured di-
rectly (Chave et al., 2004). Another huge uncertainty on the
way to a complete carbon balance of tropical forests is the
amount of carbon bound in dead wood, so-called necromass,
above ground (Chao et al., 2009) and in forest soils below
ground (Luyssaert et al., 2008). Both pools are largely un-
sampled, but might introduce due to their relatively small
size in the tropics (Bonan, 2008) and due to their linear re-
lationship with AGB only a small bias to the overall carbon
budgets (Cairns et al., 1997).
If AGB is calculated not as a function of tree diame-
ter known to be the best predictor of AGB (Chave et al.,
2005; Slik et al., 2010), but from more aggregated vari-
ables such as canopy height, we implicitly pay for such an
AGB estimate on the cost of precision. Remote sensing ap-
proaches are one of the solutions for a large-scale systematic
vegetation monitoring. There is a need to establish new al-
lometric relationships for tropical forests. In the absence of
ﬁeld inventories covering all possible forest situations for-
est growth models are useful tools to derive such new rela-
tionships. This is especially the case for uneven-aged mixed
forest stands in the tropics in which long logging cycles are
necessary for sustainable timber harvesting. The simulation
results can not completely compensate for inventories, but
they can signiﬁcantly broaden the spectra of possible forest
situations on the plot level.
Another advantage of forest growth modelling is the con-
sistency of the analysed set of simulation results. The
FORMIND2.0-model does not account for uncertainties in
the allometric relationships between dbh and AGB and re-
duces species-speciﬁc differences to the 13 PFT, which were
selected for Borneo’s rain forest. Thus, the uncertainties we
here calculate are structural uncertainties between the aggre-
gated variables canopy height h and AGB and LAI. They
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Fig. 6. Relation between leaf area index (LAI) and canopy height (h). on the (A) 0.04ha-scale and (B) 1ha-scale. Results for the undisturbed
site P1, for disturbed forests all 24 logging scenarios, and for permanent sampling plot data (PSP). In sub-ﬁgure (A) only disturbed (logged)
forests and PSP data are shown, because the scatter plot for the undisturbed forest (P1) is indistinguishable from the disturbed forest data.
Due to the huge number of data points in the scatter plot of the 0.04ha-scale (more than 14000000) the grey-scale indicates the density of
the data points with highest densities in black.
Fig. 7. Relation between above-ground life biomass (AGB) and gap fraction. Gaps are deﬁned as individual 20m×20m plots with canopy
height h<25m. (A) Undisturbed forest P1 (red), disturbed forests of all logging scenarios (green), and permanent sampling plot data (PSP,
blue). (B) Two speciﬁc examples for logging are highlighted: Cyan: reduced-impact logging, 80y return interval, minimal dbh of logged
trees = 60cm. Magenta: conventional logging, 20y return interval, minimal dbh of logged trees = 40cm.
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might in detail differ in ﬁeld inventories, but they are in prin-
ciple contained in the vegetation structure of tropical rain
forests.
We therefore conclude that the structural uncertainties in
AGB estimates based on given spaceborne canopy height
measurements are according to our simulations results (and
in agreement with PSP data) on the order of 20–40% if ha-
wide averages are investigated (95% conﬁdence level). How-
ever, for the calculation of the overall uncertainty of AGB the
accuracy of the canopy height derived from remote sensing
techniques must also be taken into consideration. Canopy
height estimates obtained from airborne polarimetric inter-
ferometric synthetic aperture radar (Pol-InSAR) or airborne
LIDAR over dipterocarp tropical rain forests have shown,
that the mean canopy height of the hundred largest trees on
one hectare can be measured with an accuracy of 10% (1σ)
(Hajnsek et al., 2009). It therefore seems possible that the
suggested target of maximum uncertainty of ±18% for AGB
given by Houghton et al. (2009), equivalent to an uncertainty
of 36% (95% conﬁdence level), can be reached. Our study
shows that this would apply to tropical rain forest sites of
nearly all disturbance regimes, if the aggregated information
on the 1 ha-scale are used for the analysis. On the plot level
(0.04ha-scale) the uncertainties in AGB as a function of h
are as large as or larger than the signal itself. The uncertainty
can be reduced if it would be possible to derive information
on the vertical forest structure by remote sensing. Accord-
ing to our analysis the LAI can not be predicted from canopy
height, but it should be emphasised that other approaches ex-
ist to estimate LAI directly with remote sensing techniques
using optical and near-infrared sensors (e.g. Turner et al.,
1999).
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